The effect on alveolar oxygen fraction (FAO]) of insufflating oxygen under a mask (or through an inflow nipple provided in the mask) during simulated mouth-to-mask ventilation was investigated using a lung model. A variety of commercially produced masks were evaluated. Two patterns of artificial ventilation were applied: 1. 500 ml tidal volume at 20 breaths per minute, and 2. 900 ml tidal volume at 12 breaths per minute. The ventilating gas mixture was oxygen 16% in nitrous oxide, and oxygen was insufflated atflow rates of 2, 4, 6, 8, 10, 12 or 14 litres per minute. The rate of rise of FA 02 and the equilibrium FA02 attained were greatest at high oxygen inflow rates. The relationship between oxygen flow and FA 02 was not linear however, and an oxygen flow rate of 10 IImin was adequate to generate FAO/S around 50% with either ventilatory pattern. The equilibrium FA02 achieved was greater with smaller tidal volumes and with larger mask dead space. We also found that several breaths were required for equilibration of FA 02 during each trial, supporting recommendations that several breaths should be given on commencement of artificial ventilation during cardiopulmonary resuscitation.
'rescuer'. The tidal volume delivered by the 'rescuer' using the bag-to-mask system is limited by the volume of the bag. A 1500 ml bag allows delivery of a maximum volume of 1200 ml. 4 On the other hand, a 'rescuer' using the mouth-to-mask system can deliver tidal volumes of up to three litres, 6 part of which can compensate for leaks between the cushion of the mask and the 'victim's', face. In one triaI,4 the volume delivered by 'rescuers' using the bag and mask system failed to reach the tidal volume now recommended by the American Heart Association 7 and others 8 ,9 for artificial ventilation (800-1200 ml) in all but 3% of attempts, both before and after instruction in the use of the bag and mask system.
The advantage of mouth-to-mask ventilation over mouth-to-mouth or mouth-to-nose ventilation is that the technique is, to many people, more aesthetically and hygienically acceptable. This is a relevant concern to individuals who fear the possibility of cross-infection with human immunodeficiency virus (HIV), although we have been unable to find any reports to date of HIV transmission or infection by this mode.
Patients requiring CPR are in need of enhanced oxygen delivery. Insumation of oxygen into the nose of the 'rescuer' providing mouth-ta-mouth 
Anaesthesia venlilator
Reservoir I:eg Airway Lung model resuscitation was studied by Hess and colleagues. 10 At an inflation rate of 12 breaths per minute, with normal tidal volumes, they recorded mean delivered oxygen concentrations of 16 (± 1)% with no added oxygen, 27 (± 3)% at 6l/min °2, and 31 ( ± 5)% at 10 l/min 02' For mouth-ta-mask resuscitation, oxygen nipples are incorporated into many resuscitation masks to allow the enrichment of the 'rescuer's' expired gas by a continuous flow of added oxygen. However, there is little information about the effect of such oxygen insumation on alveolar oxygen fraction (FA 02). Safari I studied inspired oxygen fraction (Fp2), and arterial oxygen and carbon dioxide tensions (P aOb P aC02) during expired air ventilation of a conscious adult volunteer using a Laerdal pocket mask and stepped increases in insumated oxygen flow rate. He did not report on the rate of change of P a02 with respect to oxygen inflow rate. This study was designed to determine the effect on FA 02 of stepped increases in oxygen inflow rate, supplied to a variety of commercially produced resuscitation masks. We were concerned to determine whether, in situations where oxygen supply is limited logistically, it is possible to reduce the oxygen inflow rate without affecting the quality of resuscitation. In addition, the study permitted an evaluation of the effect on F A02 of the initial two to five breaths given at the commencement of artificial ventilation during CPR.
METHODS
The test apparatus was assembled as illustrated in Figure 1 .
A Drager Demonstration Thorax (Dragerwerk, Lubeck, Germany) served as the lung model. The volume specifications of this model were determined using the helium dilution technique. Total lung capacity was 4.5 litres, functional residual capacity 3 litres, and expiratory reserve volume was I litre. Static compliance was also measured (by recording changes in tracheal airway pressure in response to introduction of 500 ml increments of gas volume) and found to be 0.5 litres.cm H20 -1. The sampling line of a Datex 'Multicap' multiple gas analyser, model CNO-I03 (Datex Instrumentarium Corp., Helsinki, Finland) was shortened to 30 cm and inserted into the bellows of the lung model. Gas was sampled at a constant flow rate of 150 ml.min. -I This equipment was used to measure 'alveolar' oxygen concentration (F A 02). A Critikon 'OxyChek' model 2000 oxygen analyser (Critikon Inc., Tampa, Florida, U.S.A.) was used to measure inspired oxygen concentration at the level of the 'trachea'. Airway pressure was measured at the same point. Expired air flow was measured by a calibrated pneumotachograph.
Five masks were tested in the study. (Table 1 .) The masks were attached to Ambu manikin faces (Ambu International AlS, Copenhagen, Denmark) with silicon glue. A gas-tight seal was ensured for all masks by testing under water with static inflation pressures of 40 cm H 2 0. Masks not fitted with an oxygen nipple were provided with a length of oxygen tubing fed under the mask, the open end resting in the vicinity of the manikin mouth. This tubing was incorporated into the silicon seal. The 'Concord' modification of the Ambu resuscitation mask 12 was fitted with a grommet which permitted insertion of oxygen tubing. Using this, the end of the tube was placed, either directed at the mouth or within the nostril of the manikin face. The deadspace in each manikin-mask system, which included the manikin upper airway deadspace, was measured by water displacement.
Two patterns of artificial ventilation were applied, using an Ohio V5 anaesthesia ventilator (Ohio Medical Products, Madison, Wisconsin, USA); 1) 500 ml tidal volume at 20 breaths per minute, and 2) 900 ml tidal volume at 12 breaths per minute. Inspiratory flow rate was fixed and particular attention was paid to setting the tidal volumes and inspiration: expiration ratios accurately, so that they were identical from day to day and study to study. After ventilating the system to equilibrium with 16% oxygen in nitrous oxide, oxygen was introduced into the mask at rates of 2, 4, 6, 8, 10, 12 or 14 l.min -1. Data were recorded continuously, breath by breath, at each oxygen inflow rate until equilibrium F A 0 2 had been achieved. Oxygen inflow was then turned off and the system was allowed to equilibrate at 16% oxygen once more before proceeding to the next oxygen flow step. 16% oxygen was chosen as the ventilating 'carrier' gas mixture to approximate the composition of 'rescuer's' mixed expired air. Data capture was facilitated by 'MacLab' (Analog Digital Instruments), a computer-based data acquisition and signal analysis system developed by Michael McKnight at the University ofOtago. The equilibrium F A02 for each study was determined and the time constant for the change in F A02 was calculated by exponential curve fitting.
RESULTS

Equilibrium F A 0 2
The equilibrium FA 02 attained at each test was greatest at highest oxygen inflow rates. The raw data are presented in Table 2 . The equilibrium FA 02 achieved was greater with smaller tidal volumes and with larger mask deadspace. The most efficient oxygenation was achieved with the added oxygen delivered intranasally .
The relationship between oxygen insufflation flow and FA 02 was not linear. As oxygen inflow rate was increased there was a sharp increase in F A02 at low rates (2, 4, 6 and 8 l.min -I). At 10 l.min -I F A02 around 50% was achieved consistently. Further increases in oxygen inflow rate produced only small increases in FA 02. Figure 2 illustrates the relationships between insufflated oxygen flow rate and equilibrium FA 02 for the two patterns of artificial ventilation for one of the trials. Time constants for equilibrium of FA 02 Figure 3 shows data from a representative trial. It was apparent in all of the trials that the rate of rise of FA 02 followed a 'wash-in' exponential course.
Thus, for ease of presentation and comparison of data, the rate of rise of FA 02 could be described by the time constant. These data are presented in Table 3 .
The time constants were consistently lower with the 900 ml X 12 breaths per minute ventilation pattern, indicating a more rapid rise in F A02. Oxygen inflow rate and time constant were related, such that time constants were shorter at higher flow rates. This relationship was also non-linear.
Laerdal mask with oxygen nipple . It was clear that a number of breaths were required for equilibration ofF A02 during each trial. An unprocessed record of a representative trial demonstrating this point is illustrated in Figure 4 .
DISCUSSION
The development of masks incorporating an oxygen nipple simplifies inspired oxygen enrichment for the mouth-to-mask technique of artificial ventilation. Delivery of 100% oxygen to the 'victim' is possible using a mask with 30 litres per minute oxygen inflow and intermittent occlusion of the mask port without blowing. 11 Safar ll recorded FP2, Pa02 and PaC02 during expired air ventilation of a conscious adult volunteer using a Laerdal pocket mask. During ventilation with one litre breaths at a rate of 12 per minute, insuffiation of oxygen at rates of 0, 5, 10 and 15 litres/min produced Fj02'S of 18, 40, 50 and 54 respectively.
The trial design of the present study extended to an evaluation of the performance of three other resuscitation masks marketed in Australia and New Zealand. Furthermore, we studied a more comprehensive range of insuffiation rates and recorded dynamic changes in F A02.
Equilibrium values for F A02 in the 900 ml by 12 breaths per minute trials of the Laerdal mask agree closely with the FP2 values reported by Safar. 11 We contend that the equilibrium F A02 reached, and the non-linear relationship between insuffiated oxygen flow rate and F A02 -evident in Table 2 and exemplified by the illustration in Figure 2 appear to be determined by at least three factors. These are 1. the mixing of the two gases (i.e. 16% oxygen from the ventilator, or simulated 'rescuer', and insuffiated 100% oxygen) in the mask and airway during inflation, 2. the flushing effect of insufflated oxygen on 'alveolar' gas exhaled into the mask during expiration, and 3. the reservoir effect of the deadspace within the mask at end-expiration. Considering gas mixing first; tracheal oxygen concentration will depend on the gas flow pattern during inflation. If inspiratory gas flow is held constant during inflation, tracheal oxygen concentration can be predicted simply. For example 900 ml tidal volume of 16% oxygen, delivered in 1.75 sec at a constant flow of 30. 9 litres per minute would contribute 144 ml of oxygen. Insuffiating 10 litres per minute of 100% oxygen simultaneously would add 292 ml of oxygen, yielding a mixture of 436 ml oxygen in 1192 ml total gas, or 36.6% 02' Clearly, with mechanical ventilation, inflation gas flow is not constant, but varies with changing compliance and resistance during the inflation phase of the respiratory cycle. 
(sec)
Based on the considerations above, high equilibrium inflation flows of 16% oxygen would be predicted to reduce tracheal oxygen concentrations. Occurring early in the inspiratory phase, this would be less efficient for alveolar oxygenation. Figure 5 (a and b) presents tracheal oxygen concentrations calculated, assuming uniform inflation flow, for both patterns of ventilation employed in this study and compares our data. The values of equilibrium FA 02 achieved are significantly higher than those predicted from tracheal insumation alone. We presume that our observation that the equilibrium F A02 achieved was greater with smaller tidal volumes is explained in part by the lower mean (and equilibrium) inflation flow rates, such that there is less dilution of the insumated oxygen, and in part by the greater size of the mask deadspace, or reservoir, in relation to the tidal volume.
The addition of the mask to this theoretical analysis superimposes the other two effects, namely flushing and reservoir effects, and these probably explain why our equilibrium data are higher than those predicted from airway gas mixing alone. By the 'flushing' effect we mean that oxygen insumated into the mask during expiratory phase will contribute to dilution and washing out of 'alveolar' gas. By the 'reservoir' effect we mean that the mask affords a confined gas space which, potentially, can become filled with 100% oxygen provided by the insumated oxygen inflow. The degree of filling of this reservoir will vary depending upon the insumated gas inflow rate, the duration of the expiratory pause and the volume of the reservoir (or mask deadspace). Such effects would provide a 'bolus' of gas with a high oxygen concentration at the onset of inflation. Indeed, this was observed during our studies, as illustrated by a representative raw data collection depicted in Figure 6 . The magnitude of the 'bolus' effect was in proportion to mask deadspace and oxygen inflow rate.
At the onset of inflation, the Datex monitor, with its sampling tube directed towards the 'bronchus' (Figure 1) , recorded an increasing oxygen fraction. As equilibrium inflation flow was reached, oxygen Oxygen Inflow Rate (l/mln) 10 fraction was diminished by dilution with 16% oxygen until the latter phase of inflation when inflation flow rate declined and insufflated flow contributed relatively more. During the expiratory phase the Datex monitor recorded the mixed 'alveolar' oxygen concentration.
Our results indicate that there was a modest advantage in using masks with larger deadspace because of these effects. At higher insufflated oxygen flow rates, equilibrium FA 02 was 14-16% higher using the 'Partner' mask with its 325 ml contained volume than the Laerdal Pocket mask (225 ml). The flushing and reservoir effects became particularly pertinent in the trials of the 'Concord' modification 12 of the Ambu mask, when we passed the insufflation tube through the grommet into the nostril of the manikin. Equilibrium FA 02 measurements were the highest of the whole study during these trials. In these circumstances we surmise that we were not only flushing the mask of 'alveolar' gas but also the upper airway 'anatomical deadspace' and enriching a much larger volume reservoir at end-expiration. This suggests that, if it 12 14 oxygen concentrations calculated for tracheal insumation alone. (900 ml X 12 breaths/minute.)
is easily achievable and does not significantly delay resuscitation, a nasal catheter may provide adequate oxygen enrichment even at low flow rates of oxygen.
In seeking to explain the non-linear relationship between insufflated oxygen flow rate and F A02 we would offer the following hypothesis. At low 02 inflow rates (2-8 Vmin) the increase in equilibrium FA 02 is greater with each step than at higher inflow rates (10) (11) (12) (13) (14) Vmin) because there is incomplete filling of the mask deadspace. Thus incremental increases in insufflated flow enhance flushing and reservoir filling effects. At high insufflation rates, however, the contribution of these effects reaches a ceiling, the deadspace alveolar gas is rapidly displaced and additional oxygen is wasted during end-expiration. Similarly, mixing during inflation does not lead to such great increases in FA 02 because of the high rate of total gas (i.e. 16% plus 100% oxygen) inflow during inspiration.
As a consequence of these considerations, and our measured data, we have found that using oxygen flows as low as 8 Ilmin, FA 02 could still be T Partner mask with 02 nipple.
Oxygen Inflow Rate (l/min) maintained at 50%. This finding has practical implications for those in the field, using oxygen where the supply is limited.
We also found that several breaths were required for equilibration of FA 02 during each trial. There has been much debate over how artificial ventilation should be initiated in cardiopulmonary resuscitation. One early practice was to give several large breaths (up to two litres each) without allowing the chest to completely deflate between breaths. It was hoped that by using this form of 'staircase breathing' the lungs would be fully inflated and that atelectactic areas would be reinflated. Melker subsequently demonstrated that a large portion of these breaths was probably entering the stomach, thus increasing the risk of regurgitation and pulmonary aspiration.D The current American Heart Association guidelines 7 recommend two initial breaths, given over I to 1.5 seconds to avoid high inflation pressures. They also recommend that breaths of 800 ml provide adequate inflation in most adults and that volumes over 1200 ml are in most cases excessive and therefore likely to cause gastric inflation. On the other hand, the Australian Resuscitation Council 14 currently recommends commencing artificial ventilation with five quick full breaths within ten seconds, allowing each to be exhaled before the next breath is commenced. Little is known about alveolar gas composition changes during this critical early period. Our results indicate that several breaths are required to raise oxygen concentration close to the inspired level for a given rate of oxygen supplementation and would therefore tend to support the Australian approach, at least in relation to the effect on oxygen delivery. The use of larger tidal volumes might allow more rapid equilibration between the inspired and alveolar gases, but this also has the potential to increase the risk of regurgitation and aspiration. Cricoid pressure applied during resuscitation has been suggested as a method of overcoming this problem.
The lung model chosen for these studies might be criticised because no mechanism is incorporated to mimic the effects of carbon dioxide production into the lung or oxygen uptake from the lung. In relation to the last point however the device used to measure dynamic changes in oxygen concentration was withdrawing gas at 150 ml.min -1 from the model. The model cannot address the problem of atelectasis either, or the effect of this on ventilation:perfusion relationships. It should be emphasised though that these studies have been directed at the investigation of oxygen delivery by insumation. To define the effects on arterial oxygenation during cardiopulmonary resuscitation, a 'living' model would be required.
There are four practical implications from this Anaesthesia and Intensive Care, Vo!. 20, No. 2. May, 1992 study for the use of oxygen insufflation during emergency mouth-to-mask ventilation. 1. When initiating artificial ventilation during CPR, five breaths of 800-1200 ml delivered with a high rate of oxygen insumation (e.g. 14 litres/min) , using a slow rate of inflation, should allow the 'rescuer' to maximise the increase in 'victim' FAo2· 2. To maximally enhance oxygen enrichment, slow lung inflation (with low peak flow rates) should be used.
3. After the initiation of artificial ventilation the rate of oxygen supplementation may be reduced to 6 litres per minute without affecting oxygen delivery adversely. This would permit some economy if the supply of oxygen is limited, e.g. size 'C' cylinders in field conditions. 4. The role of intranasal oxygen supplementation should be further assessed.
